ABSTRACT
INTRODUCTION

42
In the recent years the automotive sector has been pushed to heavily downsize engine capacity to 43 meet CO2 emissions regulations; therefore, in order not to compromise on engine performance, multi-44 stage boosting systems arrangement, in which two or more charging devices are used to provide 45 greater system capability are being explored [1] [2] . In Table 1 is given an overview of some of the 46 most common multi-stage boosting systems arrangement. In a Parallel Multi-Stage arrangement, each compressor delivers half of the total air flow but the full boost pressure; this allows two smaller engine to be downsized to a 2.0L displacement across four cylinders [36] . In order to achieve the 83 aforementioned targets, a number of studies and modifications had to be carried out to the engine (e.g.
84
knocking, injection systems, valvetrains, etc.) and the air management system which has to deliver a order to replicate the actual configuration of the engine, the pulleys/belt assembly on the supercharger 187 side has the same layout and the same components as the real engine (green box in Fig. 3 ). 
214
It is worth noting that in Options 1 & 2, the supercharger is driven by the electric motor; the rotational 215 speed is kept constant and the pressure ratio between the inlet and exit of the supercharger is varied 216 by means of the inlet/exit valves. However, in Option 3 the supercharger is driven by the pressurized 217 inlet air; the belt from the electric motor is disconnected from the torque meter which is instead loaded 218 by applying an external brake load (refer to Fig. 3 ).
220
The performance parameters from the supercharger testing were calculated using Eq. 1 to 5. Based 227 228 Table 2 ). In order to avoid excessive thermal and mechanical stress on the test rig, the tests were 262 carried out for a single rotational speed of 8000rpm. As for the efficiency, this was calculated using the adiabatic isentropic efficiency equation (Eq. 5).
264
274
It can be seen in Fig. 7 
A B can be obtained by using T1a and T2a that are located closer to the inlet and outlet port respectively.
292
The efficiency values for each combination will differ from one another and could be larger than unity 293 since heat transfer can occur along the pipe between the measurement points and the supercharger 294 casing. For instance this might occur if the inlet pipe is not completely insulated and T1b and T2a are 295 used for the efficiency calculation (refer to Fig. 9 ). Indeed, due to the heat transfer (Q'out), the actual 296 inlet temperature is T1a, and consequently, considering an actual adiabatic process, the temperature at 297 the end of the compression will be T2a, much different from the T2ex expected (see Fig.9 ). However 
306
For the considered compression process shown in Fig. 9 , relying on the earlier explanation, the less 307 accurate efficiency calculations are obtained using T1b and T2b temperatures (red dashed line in Fig. 9 ).
308
However the heat transfer along the inlet and outlet pipe is not the only heat transfer process that 375 376
SEQUENTIAL MULTI-STAGE BOOSTING SYSTEMS: 1-D MODEL FOR HP STAGE
377
The intent of this section is to compare supercharger experimental performance to data collected The engine specifications are given in Table 3 . 
407
436
In order to explain these discrepancies, one needs to consider how the output power and efficiency 437 is derived using the Imperial College facility (refer to equations 4 and 5). These calculations rely on the 
462
2. An incorrect evaluation of isentropic efficiency. This is fundamental for the engine 463 simulation since the supercharger parasitic load will be incorrectly modelled.
465
The clear recommendation of this work is that heat transfer must be considered in any 1D model were 466 a supercharger is present. Positive displacement compressors may be more susceptible to this due to 467 the larger wetted area -although this is unconfirmed and must be the subject of further work. There 
487
Since the expander is situated after the intercooler, the charge air can potentially be expanded to sub-488 ambient temperatures depending on the effectiveness of the heat exchanger and expansion ratio. Thus,
489
it is anticipated that such a concept has benefits for knock resistance and energy recovery. However, respectively that are placed in the intake flow path (refer to Fig.14-B) . Sub-ambient air charge 499 temperature is reached by removing thermal energy in a second charge air cooler between compressor 500 and turbine stages. The turbo expansion unit is energy balanced by specifying a larger turbine 501 expansion ratio than compression ratio.
502
In this paper, it is proposed another approach to the earlier mentioned turbo-expansion concepts.
503
In the proposed turbo-super configuration, the Eaton supercharger is serving the dual function of 504 providing boost at low engine speed while behaving like a turbine presenting an indirect means to 505 recover exhaust gas energy at high engine speed (refer to Fig. 14-C and expander operation could be envisaged using such a variable ratio drive system. 511 512
Experimental characterization of Eaton Supercharger as expander
513
In order to measure the performance of the supercharger in expansion mode, the supercharger test 514 facility was configured as shown in Option 3 (refer to Figure 3) . All of the thermodynamic and 515 mechanical parameters were measured and the results are presented in Fig. 15-17 . Fig.15 shows the 516 supercharger mass flow rate curves for three different constant speeds (from 4000 rpm to 8000 rpm) 517 when operating in expansion mode; in the same figure are also reported the equivalent supercharger 518 mass flow curves for the same speeds. Figure 16 compares the total-to-total isentropic efficiencies 519 between both the operating modes of the supercharger. The expansion efficiency was calculated using 520 the thermodynamic relation for a turbine expansion as shown in Eq. 11. It is apparent from the figure   521 that there is a drop in efficiency when the supercharger is used as an expander; these results are 522 consistent with those reported by Turner et al. [26] 523 524 
566
showed that the expansion-cooling task is accomplished but with the poor isentropic efficiency of the 567 expander and poor breathing characteristics; hence an improvement in BSFC could not be found.
568
However, if the isentropic efficiency could be increased from 45% to 72%, a net BSFC improvement of 569 1% could be achieved.
570
Another option which was investigated, is that of using the CVT driven supercharger to replace the 571 conventional throttle for SI engines at part load to recover some throttling energy by expanding the 572 close-to-ambient pressure (1bar) to the required intake pressure (normally <0.5bar). It is conceived 573 that by reclaiming some throttling loss through the supercharger, part load fuel efficiency could be 574
improved. In addition, the cooling effect of the supercharger expansion could lighten the load of the 575 after-cooler which is beneficial for knock resistance and volumetric efficiency for the following possible 576 high load cycle. By recovering some throttling loss through the supercharger, part load fuel efficiency 577 could be improved by up to 3% depending on the operating points. However, the issues of limited 578 supercharger operating range with an existing production CVT, condensation, fuel evaporation and 579 additional pumping work would need to be addressed before taking the supercharger-throttling gas 580 exchange process from concept to reality. The rotational speed of the supercharger could also be used 581 as a control mechanism to attain the required part load target. This is subject to ongoing studies. and it can achieve up to 1kW.
604
The supercharger was also tested with similar speed, inlet pressure and temperature as those 
